The electrolysis conditions in a proton exchange membrane (PEM) cell were optimized by varying the current supplied; the detection efficiency for gaseous tritium generated from the PEM cell under optimized electrolysis conditions was analyzed. The current was optimized to 7 A. Under the optimized current condition, the change in activity of the tritiated water before and after electrolysis was 200 ± 11 kBq. When tritiated water with tritium activity concentration of 2912 kBq/L was electrolyzed, the detection efficiency was 31.3 ± 1.3%. Moreover, the minimum detectable activity of gaseous tritium was 10.3 ± 0.8 kBq/m 3 in 5 min.
Introduction
In South Korea, the nuclear power plant Kori unit 1 was permanently shut down on June 19, 2017. Following this, its decommissioning became an important research issue. Securing safety from radioactive materials at decommissioning sites also became important issue. Tritium is a hazardous radioactive material that can cause significant harm to the human body. When tritium enters the human body via respiration or ingestion, organically bound tritium (OBT) that can damage deoxyribonucleic acid (DNA) is formed [1] . Therefore, when decommissioning nuclear power plants, real-time underwater tritium monitoring technology is required to ensure public safety and prevent and monitor the release of tritium in water at decommissioning sites. The liquid scintillation counter (LSC) has primarily been used in the detection and analysis of tritium in water [2] [3] [4] . Existing tritium detection methods using LSC have shown a high detection efficiency and a low minimum detectable activity (MDA); however, they require a long time for pretreatment and measurement. Moreover, it is challenging to employ the LSC for detection at decommissioning sites because it is heavy and difficult to move [5] . Therefore, it is not particularly suitable for use as a real-time tritium detection method. In contrast, gaseous tritium generated from electrolysis by a proton exchange membrane (PEM) cell using iridium and platinum catalysts could be detected and analyzed by a gas proportional counter [6] . Studies have been conducted to improve the electrolysis efficiency of a PEM cell according to the catalysts used [7] . However, a novel detection part still needed to be developed for the real-time detection and analysis of underwater tritium at decommissioning sites. Studies have investigated a new type of detection part based on a plastic scintillator and a photomultiplier tube [8, 9] .
Previous studies to optimize the performance of electrolysis using PEM cells did not directly compare the change in activity of the tritiated water before and after electrolysis [7] [8] [9] . In this study, the change in activity of the tritiated water before and after PEM electrolysis, which is parameterized and estimated according to the change of the current supplied to PEM cell, is analyzed using the LSC to verify the amount of gaseous tritium generated from electrolysis. The changes in activity are compared for different currents. The current supplied to the PEM cell is optimized to determine the current that generates the largest amount of gaseous tritium from electrolysis. The activity of gaseous tritium generated from electrolysis using the optimum current condition is detected and analyzed using a detection part consisting of a commercialized scintillator, photomultipliers, and a gaseous tritium monitor [9] . The detection efficiency and MDA are estimated by the activity data and * Hee Reyoung Kim kim@unist.ac.kr the counting rate of the detection part to establish a real-time underwater tritium detection method for decommissioning sites.
Theory
In the anode of the circuit containing the PEM cell, water molecules lose electrons by oxidation reactions as shown in Fig. 1 . Thus, hydrogen ions and oxygen gas are generated. Hydrogen ions are transported to the cathode through the PEM, and electrons are transported to the cathode through the circuit line. Then hydrogen gas is generated at the cathode [10] . By the same principle, gaseous tritium (HT) can be generated from tritiated water. The mass and activity of the tritiated water vary before and after electrolysis using a PEM cell. The change in the current supplied to the PEM cell affects the rate of change in the mass and activity of the tritiated water before and after electrolysis. The change in mass of the tritiated water before and after electrolysis according to the change in the current supplied to PEM cell can be defined as the mass current factor. The unit of the mass current factor is g/A and it can be calculated by Eq. (1).
(1) M I = Δm I M I : Mass current factor (g/A), Δm : Change in mass of the tritiated water before and after electrolysis (g), I: Current supplied to the PEM cell (A).
Using the mass current factor, current, and change in activity per unit mass of the electrolyzed tritiated water before and after electrolysis, the change in activity of the tritiated water can be calculated by Eq. (2).
A t : Change in activity of the tritiated water before and after electrolysis (kBq), A m : Change in activity per unit mass of the electrolyzed tritiated water before and after electrolysis (kBq/g).
When several tritiated water samples with the same activity concentration are electrolyzed for the same time, A t indicates the amount of gaseous tritium generated from electrolysis. Therefore, the larger the A t , the greater the amount of gaseous tritium. The optimum current condition can be defined as the current condition that maximizes the value of A t before and after electrolysis. In this study, the tritiated water was electrolyzed under the optimum current conditions, and the gaseous tritium generated from electrolysis was estimated using a detection part. The detection part consists of plastic scintillators in an acrylic chamber serving as a passage, two photomultipliers, and a gaseous tritium monitor that is based on the principle of an ionization chamber. In the detection part, the lights generated by the reaction between gaseous tritium and the plastic scintillators are counted by two photomultipliers. However, the photomultipliers can only measure the counting rate. Therefore, a gaseous tritium monitor must be used to determine the activity concentration of gaseous tritium. The gaseous tritium monitor was already calibrated by standard tritium gas with a known activity concentration. Figure 2 shows a schematic of the gaseous tritium detection method in the overall experiment process.
The detection efficiency and MDA of gaseous tritium generated by electrolysis using the PEM cell can be calculated using Eqs. (3) and (4), respectively. In this study, the detection efficiency and MDA obtained under different current conditions were compared and analyzed. The variation in the detection efficiency according to A t was confirmed to verify that the detection efficiency was the maximum when the optimum current conditions estimated by A t were used.
Experimental
To optimize the current supplied to the PEM cell, the activity and mass of the tritiated water were measured by the LSC and an electronic scale, respectively. The changes in the activity and the mass before and after electrolysis were calculated. The electrolysis time and the activity concentration of the tritiated water were constant. Owing to the performance limitation of the PEM cell (Electrolyzer stack of 10-stack, WESPE) used for electrolysis, water could not be electrolyzed at a voltage greater than 30 V. If the current was greater than 10 A, the voltage increased to a value above 30 V. The volume flow rate of gases generated from electrolysis per 1 A was 1.27 × 10 −6 m 3 /s and was proportional to the current supplied to the PEM cell. Considering the volume flow rate and the limitation of voltage, experimental current conditions were set to generate gases with a volume flow rate higher than 3.33 × 10 −6 m 3 /s. To confirm the difference in change in activity of the tritiated water before and after electrolysis according to the current, the current was varied from 3 to 9 A in steps of 1 A. For each experiment, samples consisting of 5 mL of tritiated water and 15 mL of liquid scintillator were prepared. The samples were measured and analyzed by the LSC (1220 QUANTULUS, PerkinElmer). The components of the electrolysis system using the PEM cell are shown in Fig. 3 . Distilled water was electrolyzed to measure the background counting rate. Then, tritiated water was electrolyzed. The tritiated water was placed in the water container and supplied to the PEM cell by a water pump. A power supply was used to supply current to the PEM cell. Seven experiments using seven tritiated water samples with the same activity concentration were conducted for the same duration of 45 min on the change of the current. HT gas, H 2 gas, and a small amount of water were generated by the electrolysis of the PEM cell. Only HT and H 2 gases were transferred to the detection part and water was confined to the water trap.
The detection part comprises a detection chamber and gaseous tritium monitor (Beta ionix, PREMIUM Analyse). The detection chamber consists of an acrylic case with plastic scintillators and two photomultipliers (R 878, Hamamatsu) as shown in Fig. 4 . Thirteen thin-plate shaped plastic scintillators were inserted in a rectangular acrylic case. In the detection part, gaseous tritium was detected using the principle of a previous research with same detection part composition [9] .
At the end of each experiment using tritiated water, distilled water was electrolyzed to minimize the effects of the residual tritiated water inside the overall system. After the activity on the screen of the gaseous tritium monitor was stabilized by electrolysis using distilled water, the next experiment was conducted. Table 1 listed the estimated parameters: the mass current factor, the change in activity per unit mass of the electrolyzed tritiated water, and the change in activity. When LSC samples before and after electrolysis were measured and analyzed by LSC, the change in activity per unit mass of the electrolyzed tritiated water decreased with the increase in the current supplied to the PEM cell. When the mass current factor is constant, the mass of the electrolyzed tritiated water is proportional to the current. This implies that the amount of the gas comprised of gaseous tritium (HT) and hydrogen gas (H 2 ), which are generated from the electrolysis is proportional to the current. The tritiated water consists of HTO and H 2 O molecules. Because there are considerably more H 2 O molecules than HTO molecules, the amount of H 2 gas is considerably greater than that of HT gases in the gases generated from electrolysis. Therefore, when the amount of the gases generated from the electrolysis increases with the increase in the current supplied to the PEM cell, the ratio of the amount of H 2 gases to the amount of the gases generated from electrolysis increases, and the ratio of the amount of HT gases to the amount of the gases generated from electrolysis decreases. For accurate comparison of the amount of gaseous tritium generated from the electrolysis, the rate of increase in the current supplied to the PEM cell was compared with the rate of decrease in the change in activity per unit mass of the electrolyzed tritiated water. When the current was increased by 40% from 5 to 7 A, the change in activity per unit mass of the electrolyzed tritiated water decreased by 23% from 6.27 ± 0.14 to 4.84 ± 0.21 kBq/g. The ratio of the rate of current change to the rate of the change in activity per unit mass of the electrolyzed tritiated water was 1.74. Even if the change in activity per unit mass of the electrolyzed tritiated water decreased the change in activity increased as the current was increased from 5 to 7 A. However, the ratio was 0.93 when the current was changed from 5 to 6 A. Because the ratio was lower than 1, the change in activity decreased. Therefore, the change in activity increased when the current was increased from 5 to 7 A, and decreased when the current was increased from 5 to 6 A.
Results and discussion
By using this ratio, the tendency of the change in activity according to the change in current can be predicted. Figure 5 shows the change in activity calculated by Eq. (2) according to the change in the current supplied to the PEM cell. The most important factor is the amount of gaseous tritium generated during the electrolysis. Therefore, the optimum current cannot be found by the confirmation of the relationship between the current and the mass of the electrolyzed tritiated water. The change in activity per unit mass of the electrolyzed tritiated water also cannot determine the optimum current. The amount of only gaseous tritium generated from the electrolysis can be determined by confirming the change in activity calculated by the mass of the electrolyzed tritiated water and the change in activity per unit mass of the electrolyzed tritiated water. The change in activity was highest for current of 7 A, as shown in Fig. 5 ; thus, the current was optimized at 7 A.
The detection efficiency and MDA at 9 A with the highest volume flow rate of gaseous tritium generated from electrolysis rate was estimated. The detection efficiency and MDA at 5 A, and 7 A with the highest change in activity were also estimated. When currents of 5, 7, and 9 A were supplied to the PEM cell, the detection efficiency and MDA of the gaseous tritium generated from electrolysis for 5 min under each current condition were calculated by Eqs. (3) and (4); the results are summarized in Table 2 .
Although the volume flow rate was highest at 9 A, volume flow rate was not dominant. The most important factor was change in activity. The highest detection efficiency was 31.3 ± 1.3%, and the lowest MDA was 10.3 ± 0.8 kBq/m 3 for When the tritiated water before electrolysis was detected by LSC, the detection efficiency was 34.4 ± 0.2%. Comparing the detection efficiency of the tritiated water by LSC, the ratio of the detection efficiency of the gaseous tritium generated from electrolysis in detection part of this study to the detection efficiency by LSC was 0.91 ± 0.04. However, the electrolysis system of the PEM cell is advantageous for realtime underwater tritium detection in decommissioning sites because there is no sampling and cocktail production time.
Conclusions
The current condition was characterized and optimized to enhance electrolysis performance. A novel parameter, the change in activity of tritiated water before and after electrolysis (A t ) , was defined and used to characterize the current. By comparing A t with the current, the optimization was confirmed. The detection efficiency and MDA were compared to those of commercialized LSC. In future works, by using the ratio of the rate of current change to the rate of A m change, a more accurate optimum current can be found. The detection efficiency of the gaseous tritium generated from the electrolysis was as high as that of the commercial LSC. The detection method using gaseous tritium generated from electrolysis has a very short pretreatment time. After verifying the detection efficiency of the tritiated water for very low activity concentration, this study can be used as the basis for the development of real-time onsite underwater tritium detection device.
